The resistivity q of epitaxial W(001) layers grown on MgO(001) at 900 C increases from 5.63 6 0.05 to 27.6 6 0.6 lX-cm with decreasing thickness d ¼ 390 to 4.5 nm. This increase is due to electron-surface scattering but is less pronounced after in situ annealing at 1050 C, leading to a 7%-13% lower q for d < 20 nm. The q(d) data from in situ and ex situ transport measurements at 295 and 77 K cannot be satisfactorily described using the existing Fuchs-Sondheimer (FS) model for surface scattering, as q for d < 9 nm is larger than the FS prediction and the annealing effects are inconsistent with a change in either the bulk mean free path or the surface scattering specularity. In contrast, introducing an additive resistivity term q mound which accounts for surface roughness resolves both shortcomings. The new term is due to electron reflection at surface mounds and is, therefore, proportional to the ballistic resistance times the average surface roughness slope, divided by the layer thickness. This is confirmed by a measured linear relationship between q mound and r/(Ld), where the root-mean-square roughness r and the lateral correlation length L of the surfaces are directly measured using atomic force microscopy and X-ray reflectivity. Published by AIP Publishing. [http://dx
I. INTRODUCTION
The influence of surfaces on the electron transport in metallic thin films has attracted great interest over many decades, initially primarily motivated by scientific curiosity, 1,2 but increasingly because of the technological importance in microand nanoelectronics.
3-5 The classical physical model for the resistivity of metallic thin films was derived by Fuchs 1 and Sondheimer 2 (F-S), using the electron distribution calculated with Boltzmann transport equations where electron scattering at surfaces is accounted for by surface boundary conditions. The model includes a phenomenological specularity parameter p that defines the probability of electrons being specularly reflected (i.e., elastically scattered) from the surface. More general extensions of the F-S model account for scattering at unlike top and bottom surfaces, 6, 7 angle-dependent specularity parameters (Soffer model), 8, 9 and geometric thickness variations. 10, 11 Experimental studies that include small wire diameters or thicknesses d 10 nm consistently report resistivity values that are higher than the F-S prediction. [12] [13] [14] This deviation may be attributed to the increasing importance of the surface roughness at small d. Correspondingly, various studies have investigated how the surface roughness affects the resistivity of Cu thin films using either transport simulations, [15] [16] [17] or experiments including epitaxial Cu(001) layers with thickness down to 4 nm. [18] [19] [20] However, when attempting to describe the experimental data using above models that describe the roughness as a geometric variation in thickness, 9 ,10 the extracted roughness is too large to be physical. [21] [22] [23] This motivates the development of models that explicitly treat the effect of surface roughness on electron scattering. 4 Quantum mechanical treatments that account for surface scattering have been carried out using the Kubo linear response theory, [24] [25] [26] [27] [28] by treating the surface roughness profile as a perturbation to the surface potential which is added to the single-particle Green's function. These models have been successfully applied to describe the thickness dependence of the resistivity of CoSi 2 29 and Au 30 films. However, the choice of the roughness correlation function has a significant effect on the conductivity, particularly when the product of the Fermi wave vector k f times the lateral correlation length of the surface roughness l is more than unity, that is k f Âl > 1. 31 This is the case for typical metals such that, for example, the predicted resistivity associated with a Gaussian or an exponential auto correlation are different by more than an order of magnitude. 26 Applying quantum models to the measured resistivity and surface roughness of gold films 32 results in considerable deviations between the different models while their analytic solutions also deviate by 7-15% from the measured resistivity. 33 It is common to attempt to describe the surface scattering specularity p in terms of the surface roughness. 4, 15, [34] [35] [36] However, some authors suggest that there is no direct correlation between p and the surface roughness. [37] [38] [39] These latter studies are consistent with our present investigation for which the resistivity is best described by two separate additive terms due to (i) diffuse surface scattering quantified by p and (ii) electron reflection on surface mounds determined by the mound height and width.
Tungsten is considered a potential material for <10-nm-wide lines in future integrated circuits including middle-of-line local interconnects 40 and 3D through silicon structures, 41 because of a possibly lower effective resistivity associated with the smaller mean free path than Cu, [42] [43] [44] [45] superior electromigration resistance, 46, 47 and good process compatibility with CMOS devices. 48 Therefore, measurements on the effect of the surface roughness of W layers have not only impact on the fundamental understanding of the resistivity size effect, but also direct value to assess the potential benefits of W as a possible barrier-free interconnect metal.
In this study, the resistivity of epitaxial W(001) layers is studied as a function of layer thickness, surface roughness, and temperature. The measured resistivity is larger than the prediction by the F-S model for completely diffuse surface scattering. We attribute the additional resistivity to the surface roughness and refer to it as q mound . The measured q mound is proportional to the surface mound height divided by their width and divided by the layer thickness. This functional form is exactly what would be expected from a model that predicts electron reflection from surface mounds, such that we conclude that the effect of the surface roughness on the thin film resistivity can be accounted for by an additive term that is proportional to the average magnitude of the surface slope divided by the layer thickness.
II. EXPERIMENTAL PROCEDURE
The 4-390 nm thick W films were deposited on MgO(001) substrates in a three chamber ultrahigh vacuum DC magnetron sputter deposition system with a base pressure <10
À9 Torr following the procedure in Ref. 49 . After deposition, they were transported without breaking vacuum to the analysis chamber maintained at a base pressure of 10 À9 Torr for in situ resistivity measurements using a linear 4-point probe, as described in Ref. 34 . Some of the samples were transferred back to the deposition chamber (without exposure to the atmosphere) and vacuum annealed at a base pressure <10 À7 Torr at 1050 C for 2 h followed by another in situ resistivity measurement. After the samples were removed from the vacuum, they were dropped into liquid N 2 within 2 s to minimize surface oxidation, followed by 4-point-probe measurements at 77 K in liquid N 2 . Samples were blown dry with commercial grade N 2 during subsequent warm up to room temperature. The layer thickness and surface roughness were determined from x-ray reflectivity (XRR) analyses for samples thinner than 50 nm according to the procedure described in Ref. 49 . The surface morphology of 4-50 nm thick samples was also examined using a Digital Instruments Multimode III-a atomic force microscope (AFM). 500 Â 500 nm 2 micrographs with a 512 Â 512 pixel resolution were acquired in the tapping mode, using a tip with a 1 nm radius. X-ray diffraction x-2h scans, x-rocking curves, pole figures, and reciprocal space maps were acquired with a Panalytical X'pert PRO MPD system, following the procedures we have previously described in Refs. 49-51 for epitaxial W(001), ScN(001), and Sc 1-x Al x N(001) layers. Transmission electron microscopy (TEM) cross-sectional specimens were prepared by cutting a vertical slice using a wire saw, fixing it on a stub using the Crystal Bond adhesive wax, mechanically polishing it down to a thickness of $100 lm using an Allied mechanical polisher, removing the adhesive in an acetone bath, and mounting the section to a Mo half-grid with epoxy. Subsequently, the cross-sections were milled to less than 60 nm thickness with an 8 keV Ga focused ion beam in a dual beam FEI VERSA instrument, which was also used to deposit protective Pt layers to avoid erosion of the sample surface. TEM was done in a JEOL 2011 using an accelerating voltage of 200 kV. Epitaxial diffraction patterns were captured using a 250 nm selected area diffraction (SAD) aperture, with the electron beam aligned parallel to the h100i MgO zone axis, which is coincident with the h110i W zone axis. Micrographs were acquired with an objective aperture to select only the transmitted beam or the W 112 diffracted beam spot. 49 Asymmetric XRD scans and reciprocal space maps indicate that the as-deposited and annealed layers have an out-of-plane strain of 0.1%-1.0% and 0.2%-0.8%, respectively, which is attributed to the thermal contraction mismatch between the substrate and the layer. The comparable strain ranges for as-deposited and annealed layers suggest that annealing at 1050 C after high temperature deposition at 900 C has a negligible effect on the residual strain. The crystalline quality is studied using the full width at half maximum (FWHM) C 2h and C x of W 002 h-2h scan and x-rocking curve peaks, respectively. Particularly, the out-of-plane and in-plane X-ray coherence lengths n ? and n jj are determined using n ? ¼ k/(C 2h cosh) and n jj ¼ k/ (2C x sinh), respectively. This indicates that crystalline defects and associated strain variations along the growth direction are negligible and/or below the detection limit for d 20 nm, as we have previously reported. 49 Similarly, n jj of as-deposited samples increases from 3.4 to 9.0 nm for d ¼ 5.0 to 20.1 nm, which is comparable to 4.0 to 10.9 nm for d ¼ 4.5 to 18.7 nm for annealed samples. In contrast, annealing causes a 34%-47% and 50%-200% increase in n ? and n jj at d > 20 nm, respectively. This suggests that annealing increases the crystalline quality along both in-plane and out-of-plane directions for thick samples (d > 20 nm). However, as presented below, this change in crystalline quality has a negligible (<1%) effect on the measured resistivity, which we attribute to the >20 nm length scale of the associated X-ray coherence lengths, corresponding to a negligible change in the density of electron-scattering centers. Correspondingly, for d 20 nm, we expect the annealing to also have a negligible effect on the resistivity contribution associated with electron scattering at bulk defects including dislocations and point defects, because a significant change in their density during annealing would result in a change in the mosaicity, which remains unaffected by annealing as quantified by the measured in-plane and out-of-plane X-ray coherence lengths. Figure 1 shows transmission electron microscopy analyses from a 52-nm-thick W layer that confirm the epitaxial growth of W(001) on MgO(001). The selected area diffraction pattern in Fig. 1(a) is obtained along the MgO[100] zone axis with the aperture centered at the tungstenMgO(001) interface, as indicated by the white circle in the transmitted beam image in Fig. 1(b Fig. 1(a) is attributed to the protective nanocrystalline Pt layer. In addition, the ring may also contain a contribution from ion beam damage to the W film, as the W{110} and Pt{111} spacings are very similar. The tungsten layer appears relatively dark in the micrograph in Fig. 1(b) , due to the high atomic number, and has a measured thickness of 54 6 2 nm, in good agreement with the 52 6 0.5 nm from XRR analyses. For all samples, thicknesses measured by TEM and XRR agree within 1%-5%. The deviation is attributed to the experimental uncertainty in our TEM thickness measurements, whereas the XRR thickness values are expected to be considerably more accurate and are used throughout this study to determine resistivity values. Figure 1 (c) shows a diffracted beam image that is obtained using the W 1 12 diffraction spot. The W layer appears bright, whereas the substrate and the Pt cap are dark, since the objective aperture does not include any diffraction spots from the MgO(001) substrate nor the Pt diffraction ring. The observed contrast variations within the W layer are attributed to residual specimen preparation damage and strain fields arising from the misfit strain. Specimen tilting experiments show a continuously fluctuating contrast during specimen tilting, as different regions come in and out of diffraction contrast. This suggests that the contrast is not due to grain boundaries, because this would yield contrast in the micrograph that remains fixed within the sample during tilting. In summary, both TEM and XRD analyses show that the W(001) layers are epitaxial and contain no significant density of misoriented grains. Figure 2 shows the resistivity q at 295 and 77 K of asdeposited and annealed epitaxial W(001) layers versus their thickness d ¼ 4-390 nm. The plot includes the q from all eleven as-deposited samples measured in situ at 295 K after their growth at 900 C. Five samples were subsequently annealed in situ at 1050 C for 2 h, followed by another in situ resistivity measurement at 295 K, plotted as red circles in Fig. 2 . The plot also shows the resistivity at 77 K from the five annealed and six remaining as-deposited layers, measured after their removal from the vacuum and immediate immersion in liquid nitrogen. The room temperature q of the as-deposited samples increases from 5.63 6 0.05 to 27.6 6 0.6 lX-cm with decreasing d from 390 6 4 to 4.5 6 0.1 nm. This increase is due to electron surface scattering, as discussed in more detail below. The resistivity of the annealed 320 nm thick layer is 5.73 6 0.09 lX-cm, which is identical (within experimental uncertainty) to the asdeposited value of 5.77 6 0.07 lX-cm. That is, annealing has a negligible effect on the resistivity of this layer. Therefore, the increase in crystalline quality measured by XRD and presented above does not affect the resistivity, indicating, more generally, that crystalline defects have a negligible contribution to the resistivity in our W(001) layers. Nevertheless, annealing affects the resistivity of thin layers. More specifically, the annealing at 1050 C causes a reduction in q by 8%, 13%, and 10% for d ¼18.7, 9.3, and 4.5 nm, respectively. This reduction is confirmed by the resistivity values at 77 K, which are 9-14% lower for the annealed than the as-deposited samples with d ¼ 4-20 nm. That is, annealing causes a consistent decrease in the resistivity of thin layers, whereas the resistivity of thick layers remains unaffected. This suggests that annealing primarily affects the resistivity associated with electron surface scattering, since for thin layers surface scattering represents a considerable contribution to the overall resistivity, whereas the resistivity due to bulk scattering, as measured by thick layers, is unaffected by annealing. We attribute the reduced electron-surface scattering to surface smoothening during annealing, 37 as discussed in detail below, and note that grain boundary scattering is negligible for all samples in this study, based on the TEM and XRD results.
III. RESULTS

All
To explore the effect of surface oxidation on electronsurface scattering, the resistivity of both as-deposited and annealed samples is measured after 1 and 48 h of exposure to laboratory air. The measured q values after 1 h of air exposure deviate by À0.1% to þ2.0% from the in situ values measured prior to air exposure, suggesting that the resistivity has remained unchanged considering the experimental uncertainty of 60.4% to 61.3%. However, air exposure for 48 h results in a 5%-6% increase in q for samples with d 7.3 nm. This increase is observed both at 295 and 77 K and is independent of annealing condition. We attribute this resistivity increase to a reduction in the effective conducting cross section due to W oxidation, which is estimated to consume 3-4.5% of the W in these thin layers. 18 In summary, (i) surface oxidation has initially a negligible effect on the resistivity and only affects q as W is consumed by oxidation, and (ii) the difference between the two sample sets is not affected by oxidation, that is, the asdeposited layers exhibit a higher resistivity than the annealed layers, independent of air exposure time. These two points suggest, as discussed in more detail in Sec. IV, that the surface scattering specularity p ¼ 0, independent of oxidation status, and that the annealing effect cannot be explained by changes in p. Figure 3 shows typical 500 Â 500 nm 2 atomic force micrographs from four epitaxial W(001) layers with thicknesses d ¼ 4-10 nm, and also a plot of the corresponding height-height correlation curves. The micrograph in Fig. 3(a) from an as-deposited 5.0-nm-thick layer shows 230 6 20 mounds, corresponding to an area number density of 920 6 80 lm
À2
. The measured root-mean-square (rms) surface roughness r ¼ 0.67 6 0.04 nm. This corresponds to an average peak-to-valley surface mound height h ¼ 2 ffiffi ffi 2 p r ¼ 1.9 6 0.2 nm, whereas the average mound width w ¼ 25 6 1 nm. The micrograph in to the experimental uncertainty and may therefore be insignificant. Figure 3(c) shows the surface morphology of an annealed 4.5 nm thick layer. It has a r of 0.29 6 0.02 nm, which is 2.2Â smaller than for the as-deposited layer with a comparable thickness shown in Fig. 3(a) . The mounds in this micrograph of the annealed surface are not easy visible because the z-axis color scale is dominated by some square holes that are attributed to dewetting of the substrate during annealing. Statistical analyses indicate that the holes are 12 6 5 nm wide and have a relatively small density of 50 6 10 lm
, such that they have a negligible effect on the electron transport results presented above. Fig. 3(d) Fig. 3(b) indicates that annealing causes a 41% reduction in the mound density, a slight 8% increase in their width, and a considerable 27% reduction in their height. That is, the primary effect of annealing is a reduction in the surface roughness r, whereas the lateral length scale of the surface morphology remains nearly unaffected, as discussed in more detail below. The observed reduction in r is distinctly different from a recent report on the surface morphology of 1-100 nm thick W layers that were annealed at 800 C. 53 This previous study reports no smoothening effect, which may be attributed to the lower annealing temperature in that work in comparison to our 1050 C. Figure 3 (e) is a log-log plot of the height difference correlation functions H(r) for the four W(001) surfaces shown in Figs. 3(a)-3(d) . H(r) is defined as the average of the square of the surface height difference between two points separated by a lateral distance r and is used for quantitative analysis of the surface morphology. The curves are directly obtained from the AFM micrographs through statistical analysis using the GWYDDION software package. Within the framework of self-affine surfaces, 54 the curves are expected to follow the functional form H(r) ¼ 2r
, where L is the lateral correlation length over which H(r) increases following a power law with a Hurst roughness exponent a, whereas H(r) approaches a saturation height of 2r 2 for r > L. The lines through the measured data points in Fig. 3(e) are obtained by data fitting using this expression for H(r) where r, a, and L are free fitting parameters. For example, the fitting of the as-deposited layer with d ¼ 5.0 nm yields r ¼ 0.67 6 0.04 nm, L ¼ 12.4 6 0.9 nm, and a ¼ 0.91 6 0.04. This a value is close to unity and suggests a time-invariant self-affine development of the surface morphology during growth. All as-deposited layers exhibit a similar exponent, ranging from a ¼ 0.89-0.95 with an average a ¼ 0.93 6 0.03. In contrast, the a of annealed samples is smaller, ranging from 0.70 to 0.95 with an average value of 0.83, suggesting that annealing changes the local surface scaling profile, as a smaller exponent a corresponds to a less steep H(r) curve and hence a smaller roughness scaling at length scales r < L. We attribute the increase for d < 20 nm to competitive coalescence leading to a rapid lateral mound growth. However, coalescence becomes negligible for d > 20 nm as mounds have reached a quasi-steady-state shape due to a balance between local kinetic roughening and smoothening by surface mass transport. 57 The L of annealed surfaces increases from 13.2 6 0.5 to 19.2 6 1.5 to 22.1 6 1.2 nm for d ¼ 4.5, 18.7, and 52.0 nm, respectively. These values are just slightly (4%-14%) larger than the L of as deposited samples with comparable d. This suggests that mound coalescence through surface diffusion during annealing is negligible, which we attribute to the relatively large length-scale for surface mass transport that is required for actual mound coalescence, whereas the annealing temperature of 1050 C is only 36% of the W melting point. Figure 4 (b) shows the corresponding rms surface roughness r values obtained from the AFM analysis described above. The figure also includes values that were independently determined from h-2h x-ray reflectivity (XRR) scans on the same samples, analyzed using the recursive theory of Parrat based on the Fresnel reflectivity formalism and assuming a Gaussian distribution to model the surface and interface roughness and layer thickness. 58 There is excellent overall agreement between these two completely independent roughness measurements, as evident from the overlap of triangle and square data points in Fig. 4(b) from AFM and XRR analyses, respectively, whereas in contrast, there are considerable differences between as-deposited and annealed roughness values, as indicated by blue and red symbols in the plot. The roughness of as-deposited surfaces is approximately independent of the layer thicknesses for d < 10 nm, with values determined from AFM micrographs of r ¼ 0.67 6 0.05, 0.60 6 0.05 and 0.62 6 0.07 nm for d ¼ 5.0, 7.3 and 10.5 nm. Subsequently, the roughness increases with increasing thickness to 0.79 6 0.05 nm for d ¼ 20.1 nm and r ¼ 1.07 6 0.11 nm for d ¼ 48.1 nm. This increase is attributed to kinetic roughening as described in Ref. 49 . Annealing causes a considerable surface smoothening, corresponding to a reduction of r by 12-57%, as evident from the measured r ¼ 0.29 6 0.02, 0.44 6 0.02, 0.75 6 0.07, and 0.25 6 0.03 nm for d ¼ 4.5, 9.3, 18.7, and 52.0 nm. This is attributed to adatom diffusion over down-steps which reduces the concave curvature at the bottom of surface mounds and conversely the convex curvature at the mound tops, resulting in an overall surface energy reduction. We note that annealing causes sufficient mass transport for a reduction in r, but not for a considerable increase in L, as discussed above. This difference may be attributed to the relative rates for diffusion over facets, along step edges, and across step edges, as an increase in L requires massive transport along step edges, whereas the decrease in r is facilitated by a more moderate transport over facets and across step edges. We also note that the roughness of the W-MgO interface as determined by XRR is nearly identical for all samples, is unaffected by the annealing, and is 0.46 6 0.06 nm, which is of comparable magnitude as the roughness of the W top surface after annealing, suggesting that the surface smoothening by annealing may be limited by the underlying substrate roughness. We note that a recent study on Cu layers suggests that a properly directed electric field can be used to reduce the surface roughness. 59 We do not know if this approach could also be used to reduce the roughness of our W layers, since W has an approximately three times higher melting point and a correspondingly higher electromigration resistance.
IV. DISCUSSION
This section focuses on determining the most suited framework to describe the measured q(d) data. We start with applying the classical Fuchs-Sondheimer (FS) model but find that it does not adequately describe neither the q-reduction during annealing nor the resistivity at small d. Then, we introduce an additional resistivity term that is due to electron reflection at surface steps and therefore accounts for surface roughness effects. This additional term satisfactorily describes the measured resistivity without introducing any arbitrary variables and is therefore proposed as a new method to account for the effect of the roughness on the resistivity of thin metal films.
A. Attempt to describe data with the Fuchs-Sondheimer model
We apply the FS model in an attempt to describe the measured resistivity. The FS model has two free variablesthe bulk mean free path k and the surface scattering specularity parameter p. These two parameters are strongly correlated during curve fitting with the FS model, such that a single set of q(d) data points typically does not allow one to uniquely determine both the mean free path and the surface scattering specularity. 34, 60 Thus, one typically either (i) assumes a specific value for k, as predicted using the free electron model or using a more elaborate integration over the Fermi surface predicted from first-principles, 44 or (ii) makes some assumptions and/or arguments regarding p based on the measured data. We start in this discussion with the latter approach, primarily because the mean free path for tungsten is not well established, yet, with reported values varying considerably 42, 44, 60, 61 and some reports suggesting that it may even be orientation dependent. 45, 62 One convenient approach is to assume completely diffuse surface scattering, that is p ¼ 0. This assumption is correct for various systems including, for example, Cu exposed to air 18, 63 or coated with Ta   64 or Ti, 34 and also provides a method to determine the lower bound for k, since less diffuse scattering would lead to a larger value for p which, in turn, results in a larger value for k. 60 Correspondingly, we first fit the measured room temperature resistivity data with the FS model using a fixed p ¼ 0, but allow different effective mean free paths for the two sets of samples. The fitting provides values for the mean free path of 33.0 6 0.4 and 37.6 6 0.5 nm for annealed and asdeposited samples, respectively, with a tungsten bulk resistivity of q o ¼ 5.33 lX-cm at 295 K. These k values are close to the previously reported k ¼ 39.6 nm for W(001) with partial (p ¼ 0.3) specular scattering, 65 but are considerably larger than k ¼ 19.1 nm with p ¼ 0.11 for W(011) layers, 60 and k ¼ 15.5 or 19.1 nm from bulk density functional calculations. 44, 60 The physical reasons for these differences are not completely clear, but may be attributed to anisotropy effects. 45 The fitting result is plotted in Fig. 2 as solid lines. The curves describe the data well for d ¼ 10-390 nm, but underestimate the measured values for d < 9.3 nm. Second, the bulk mean free path k bulk,77 K at 77 K is directly determined from the room-temperature k values using the fact that the product q o k is temperature independent. 34, 60 This yields k bulk,77 K ¼ 320 6 4 and 365 6 5 nm for annealed and as-deposited samples. The resulting curves for 77 K are also shown in Fig. 2 . They describe the measured lowtemperature data well for d ! 9 nm. We reiterate here that the 77 K curves are obtained without any fitting parameters, which confirms that the product q o k is temperature independent. This also suggests that the electron scattering specularity is identical for the W-vacuum and the W-liquid N 2 interfaces.
We provide now reasoning why the assumption of p ¼ 0 may be correct. For this purpose, we distinguish between the top and bottom surfaces of our W/MgO(001) layers, and describe the resistivity by a variant of the FS model with two specularity parameters p 1 and p 2 . 7 More specifically, p 1 is associated with the W-vacuum and the W-liquid N 2 interfaces for in situ and 77 K measurements, respectively, whereas p 2 describes electron scattering at the W-MgO layer-substrate interface. Previous studies on metal-MgO interfaces have reported completely diffuse electron scattering. 18, 66, 67 Assuming a similar interaction between our W layers and the MgO(001) substrate, we can expect the W-MgO interface to also yield completely diffuse electron scattering, that is p 2 ¼ 0. For the top surface, we make an argument for completely diffuse (p 1 ¼ 0) surface scattering based on the air-exposure oxidation experiments: W surface oxidation causes the formation of a WO 3 surface layer that exhibits localized states. Electron transitions at the Fermi level between delocalized states in the W layer and localized surface states in WO 3 randomize the electron momentum, which effectively corresponds to diffuse electron scattering, similar to the diffuse surface scattering that has been reported for oxidized Cu(001) surfaces and has been attributed to localized Cu 2 O surface states. 18, 34, 68, 69 As presented in Sec. III, the comparison of in situ and ex situ resistivity measurements indicate no resistivity change during W surface oxidation. Therefore, both the W(001)-vacuum interface and the W(001)-WO 3 surface exhibit completely diffuse scattering, which is consistent with previous reports on W. 12, 62 We attribute the diffuse scattering before air exposure to atomic-level surface defects, including adatoms, vacancies, and clusters, which cause a lateral perturbation of the flat surface potential drop, resulting in a destructive interference of the electron plane waves after reflection. 17, 18 An additional independent argument for p ¼ 0 is based on the fact that data fitting with p ¼ 0 leads to relatively large k values of 33.0 6 0.4 and 37.6 6 0.5 nm, approximately double the isotropic value predicted from first principles. If the surface scattering would be partially specular, i.e., p > 0, then the k values from the fitting procedures would be even larger, that is, the measured k would deviate even more from the expected value which, in turn, suggests p to be small or zero.
The next discussion point is the reduction in the resistivity for thin W layers upon annealing. Let us first consider the possibility that the resistivity reduction is due to a change in the bulk mean free path. In that case, based on the above analysis, the annealing procedure results in a 12% reduction of the bulk mean free path. This could be attributed to a substantial reduction in the density of crystalline defects and/or impurities during annealing. However, the measured q of the thick (>320 nm) layers is unaffected by the annealing, indicating that the bulk resistivity and therefore the bulk mean free path is unaffected by the annealing, in contradiction with our attempt to explain the resistivity reduction with a change in k. Second, let us assume that the change in the resistivity is due to a change in the surface scattering specularity. To explore this possibility, the room temperature data in Fig. 2 has been fitted using a variable p. More specifically, for the as-deposited layers, we use the same fit as before, corresponding to k ¼ 37.6 nm and p 1 ¼ 0. Then, the mean free path is kept fixed and p 1 is a free variable when fitting the resistivity of the annealed layers. The best fit is achieved with k ¼ 37.6 nm and p 1 ¼ 0.3, with the resulting curve nearly perfectly overlaying the line plotted in Fig. 2 and therefore describing well the data for d ! 9 nm but underestimating q for d < 9 nm. Within this argument, annealing causes an increase in the electron scattering specularity of the surface, which could be attributed to a reduction in the number density of surface defects including adatoms, surface vacancies, steps, and islands. However, the partial specularity of surface scattering of the annealed layers is inconsistent with the air-exposure experiments: More specifically, the oxidation at the W surface is expected to reduce the specularity of surface scattering, 68, 70 which would lead to an increase in the measured resistivity after air exposure. However, comparison of in situ and ex situ data indicates no such trend, suggesting that the specularity of the annealed surface is already zero, that is p 1 ¼ 0 for annealed as well as as-deposited samples. Lastly, one could imagine a change in the layer-substrate interface that would cause a change in the bottom specularity p 2 . In particular, annealing could cause formation of an interfacial W-oxide. We also reject this idea, because (i) we would expect such an interfacial oxide to decrease rather than increase the specularity and (ii) XRR results from before and after annealing suggest no change in the W-MgO(001) interface structure.
In summary, the FS model cannot correctly describe the measured q(d) data presented in Fig. 2 . It fails in two ways:
(1) the measured data points for d < 9 nm are consistently higher than the FS prediction for all sample sets (as-deposited, annealed, and air-exposed) at both temperatures (295 and 77 K), and (2) the measured resistivity reduction upon annealing cannot be satisfactorily explained using the FS model, as neither a change in the parameter k or p during annealing are consistent with the measured data for large d or after air-exposure, respectively.
B. Explicit accounting for surface roughness
We propose to introduce an additional resistivity term q mound that explicitly accounts for the surface roughness, such that the resistivity of a thin film is described by
where q FS is the thin film resistivity as predicted by the FS model and therefore accounts for both (i) the bulk electron scattering due to phonons as well as crystalline defects and impurities, and (ii) the electron surface scattering where the scattering specularity parameter p is determined by the surface structure including surface reconstruction, adatoms, vacancies, surface islands, as well as the interaction with a possible add-layer including a surface oxide. That is, q FS describes the resistivity of an essentially flat layer including some atomic-level roughness. In contrast, q mound accounts for surface roughness on a larger scale that is surface mounds. We note that the distinction between atomic-levelroughness and larger-scale roughness cannot be done completely unambiguously, as mounds are just a large assembly of adatoms and vacancies. However, our approach is motivated by experimental observations suggesting that real surfaces (including our W surfaces) can often be described by a combination of atomic-level defects with dimensions below 1 nm and a surface morphology with characteristic lateral lengths scales >10 nm, 4,13 which provides a reasonable path to map real surfaces onto our model. More importantly, our approach to divide the resistivity model into effects from small-scale and large-scale surface features is motivated by their distinctly different effect on electron scattering: The size of atomic-level surface defects as well as the defect-defect distance is considerably smaller than the electron coherence length. Therefore, a single electron wave is simultaneously affected by the potential variation associated with multiple defects, such that the resulting scattering can be described by an effective perturbation of the electron plane wave, leading to a diffusely scattered wave which is well described by the phenomenological specularity parameter p. In contrast, the size of surface mounds is of comparable magnitude as the electron coherence length such that the resulting electron scattering can be divided into individual scattering events. Here, we go one step further and describe surface mounds as an assembly of separated atomic-height steps, where each step causes a distinct resistivity increase associated with the electron reflection due to the discrete change in the cross-sectional area for conduction. The electron reflection probability is expected to be negligible for upsteps, where the cross-sectional area increases, but to be equal to the fraction by which the cross-sectional area is reduced at a down-step. That is, the reflection probability corresponds to the ratio of the step height divided by the layer thickness and, correspondingly, the resistivity associated with surface mounds is proportional to 1/d and proportional to the step height divided by the average step separation. The latter ratio corresponds to the average surface slope, which is proportional to r/L, and therefore
Here, R b is the specific ballistic resistance for a given metal and crystalline orientation that can be obtained from first principles calculations, both r and L can be directly determined from AFM measurements, and A is a geometric factor with an expected value of 1-10 which accounts for (i) the conversion from step height and separation to rms surface roughness and correlation length, (ii) the fact that only down-steps (rather than up-steps) cause electron reflection, and (iii) the conversion from the 1D-transport picture to a 2D surface morphology with rounded or square shaped surface mounds. We note that Eq. (2) is an expression for a single surface, whereas the experimental thin film has both a top and bottom surface, corresponding to W-vacuum and MgO-W interfaces, respectively. This leads in general to two additive resistivity terms such that the total resistivity contribution from the roughness from both top and bottom surfaces becomes
where r t /L t and r b / L b are the ratios of the RMS surface roughness divided by the lateral correlation length of the top and bottom surfaces, respectively. For our layers, r t and L t are measured by AFM, whereas r b is determined from XRR measurements and L b cannot be directly measured. L b is controlled by the mechanical substrate polishing and is therefore expected to be much larger than L t , such that r b /L b ( r t /L t . Consequently, the roughness of the substrate-layer interface is expected to have a negligible effect on q mound and is neglected in the following analysis. Figure 5 illustrates how this approach is applied to our W(001) layers, using the r and L values measured by AFM. The room temperature resistivity of all samples, as-deposited and annealed, is plotted versus d and versus r/(Ld) in a 3D plot, as shown in Fig. 5(a) , and fitted to the model expressed in Eqs. (1) and (2). For the fitting procedure, the bulk resistivity q o ¼ 5.33 lX-cm, the tungsten average ballistic (Sharvin) resistivity R b ¼ 1.10 Â 10 À14 X-m 2 , 45 and the surface scattering specularity p ¼ 0 are kept fixed, such that the only fitting parameters are the bulk mean free path and the prefactor A. The fitting yields values of k ¼ 28.5 nm and A ¼5.75 and a fitted plane that well describes the data plotted in Fig. 5(a) . In particular, the fitted function correctly describes the increase in the resistance with an increasing roughness, that is an increasing r/(Ld). It also describes the measured q for d < 10 nm considerably better than the curves based on the conventional FS-model which significantly deviate from the data for d < 10 nm as shown in Fig. 2 . In order to illustrate the agreement further and also present the low-temperature transport results within the new framework, Fig. 5(b) is a plot of the difference between the measured resistivity minus the resistivity predicted using the FS model. This difference corresponds according to Eq. (1) to q mound , and is plotted as a function of the measured r/(Ld). The plotted data, which includes all annealed and as-deposited samples measured both at 295 and 77 K, is well described with a linear relationship, as indicated by the solid line that is obtained using a linear fit through the origin, yielding a Pearson's correlation coefficient r ¼ 0.957 and A ¼ 5.40, in good agreement with A ¼ 5.75 from the fitting of the room temperature data in Fig. 5(a) . This validates the proposed resistivity-roughness model, since Eq. (2) predicts a linear relationship. In addition, the fact that the data from both temperatures are well described with a single line, although the total measured q varies by more than a factor of 2 for most samples, is an indication that Mattheissen's rule applies. That is, the resistivity due to surface mounds q mound is an additive term, as proposed in Eq. (1).
In summary, the proposed model for the effect of surface roughness on the resistivity is very effective in describing the measured resistivity. More specifically, it correctly describes the resistivity increase above the FS prediction for d < 10 nm, and also correctly describes the resistivity reduction upon annealing with the same electron mean free path. In addition, it is a purely additive term, as demonstrated with the temperature dependent resistivity results. The model provides a method to improve the existing FS model to account for the effect from surface roughness and may explain the reported systematic deviation from the FS prediction for small d.
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V. CONCLUSIONS
Epitaxial W(001) layers were deposited and their resistivity measured as a function of thickness d both in situ and after air exposure at both 295 and 77 K. In situ annealing causes a reduction in q for small thicknesses but no change for d ! 320 nm. The q(d) data cannot be satisfactorily described using the existing FS model for surface scattering. There are two shortcomings: the measured q is larger than the FS prediction for d < 9 nm and the annealing effects are inconsistent with a change in either parameter k or p within the FS model. Quantitative surface morphological analyses by AFM indicate that the primary structural change during annealing is a reduction in the surface mound height, whereas the lateral length scale remains nearly constant. A new model for electron surface scattering is postulated, which introduces an additive resistivity term that accounts for electron reflection due to surface mounds, and is proportional to the slope of the surface roughness and inverse proportional to the layer thickness. Data analysis of all the measured resistivity values as a function of d, from asdeposited and annealed layers measured at 295 and 77 K, confirms that the new model resolves both shortcomings and accurately describes the measured data. The fitting procedure uses the measured surface morphological parameters and the bulk ballistic resistance R b of W and includes a single additional fitting parameter which is a geometrical factor A. The new model is expected to be applicable to the resistivity of any thin metallic film with surface roughness.
